ABSTRACT Highly purified Plasmodium knowlesi schizonts were used to produce a hyperimmune anti-parasite serum in a rhesus monkey. Proteins of membranes from normal and P. knowlesi-infected erythrocytes, as well as purified schizonts, were solubilized in 1% Triton X-100 and analyzed by bidimensional electrophoretic techniques. Of seven parasite-specific antigens identified in membranes of parasitized erythrocytes by crossed immune electrophoresis against monkey anti-parasite serum, only three could be detected in the purified schizonts. Bidimensional focusing-dodecyl sulfate/polyacrylamide gel electrophoresis of membranes from parasitized cells revealed three proteins, in the 55,000-90,000 molecular weight region, with isoelectric points between pH 4.5 and pH 5.2,-that could not be detected in normal membranes or purified schizonts. Membranes of normal erythrocytes and uninfected erythrocytes that had been incubated with sera from monkeys with 25-50% parasitemia did not react with the monkey anti-parasite serum.
Inoculation of owl or rhesus monkeys with intraerythrocytic stages of Plasmodium falciparum (1) or P. knowlesi merozoites (2) , with complete Freund's adjuvant, produces effective animalarial immunity. Moreover, Collins et al. (3) have isolated a heat-stable soluble antigen from sera of P. knowlesi-infected monkeys which when injected with complete adjuvant, will suppress parasitemia and reduce mortality of animals challenged with homologous parasites. These experiments show that antimalarial immunity can be achieved experimentally by vaccination with parasite antigens. However, they do not provide information about parasite-induced host-cell antigens. These were first recognized by Brown et al. (4) , who showed that the sera of rhesus monkeys chronically infected with, or immune to infection by, a given strain of P. knowlesi contained antibodies that agglutinate erythrocytes containing schizonts of that strain of P. knowles . Possibly related antigens have also been detected by immune electron microscopy of erythrocytes infected with P. falciparum (5) , but it is not known whether any such antigens can elicit a protective immune response.
We have approached this area by biochemical and immunochemical techniques, first developing a reliable method for the isolation of schizonts and host-cell plasma membranes from P. I6mowlessinfected rhesus erythrocytes (6) and now analyzing these fractions, by two-dimensional isoelectric focusing-dodecyl sulfate (DodSO41)/polyacrylamidp gel electrophoresis and by immunoelectrophoretic methods using high-titer monkey antisera raised against purified schizonts.
MATERIALS AND METHODS Chemicals. Reagents for electrophoretic separations were as in refs. 6-8; other chemicals were as in ref. 6. Monkeys. Rhesus monkeys (Macaca mulatta), weighing 4-8 kg, obtained from the Primate Import Company (Port Washington, NY), were first infected after about a 4-week quarantine period (Tb-negative). Cure was by an initial intramuscular injection of 20 mg of chloroquine per kg, followed by two daily injections of 10 mg/kg. About 3 weeks after the first infection the animals were splenectomized; after 1-2 weeks of convalescence, the animals could be reinfected two to three times.
Parasites. P. knowlesi-infected rhesus erythrocytes were obtained as described (6) . Infection of each animal was initiated by an intravenous injection of 0.75-1.5 ml of a buffered cell suspension (20% parasitemia) that had been stored at -700. Microscopic evaluation of parasitemia was as in ref. 6. Membrane Isolation. Freshly drawn, heparinized (10 units/ml) venous blood was washed five times to remove leukocytes. Membranes from uninfected erythrocytes were isolated as in ref. 6 . Membranes were prepared from infected erythrocytes as follows: At 20-30% parasitemia (late schizont stage), 20-30 ml of blood was drawn (10 units of heparin per ml) and schizont-infected erythrocytes were separated from leukocytes, thrombocytes, and uninfected erythrocytes by Ficoll/Hypaque gradients (6) . Infected cells were disrupted by nitrogen decompression and the membranes of infected erythrocytes were isolated as in ref. 6 , but a density of 1 (9) , were as described (7, 8) . Isoelectric focusing was performed as detailed (10) . Bidimensional isoelectric focusing-immune electrophoresis and DodSO4g/polyacrylamide electrophoresis, were as described (8) . To compare the Coomassie blue-stained slab gels obtained by the last procedure with different samples, we photographed the gels and prepared prints that matched precisely in size (e.g., Fig. 5 A-C). The protein patterns were transferred onto transparent copying paper (3M; 383). These traces were then superimposed and a third transparency was used to trace components that were deleted, altered in intensity, or added. knowlesi schizonts, dissolved in 1% Triton X-100. About 75 ,4g of proteins were separated electrophoretically in the first dimension (horizontal) and electrophoresed at right angles into agarose containing monkey anti-parasite serum (0.18 ml/ml of agarose). Immune precipitates are numbered as in Fig. 1 . Coomassie blue staining.
RESULTS
Identity of components 1, 3, and 7 of parasites and the infected membranes was documented by anodal (upward) displacement of these precipitates in crossed line immune electrophoresis with parasite protein in the intermediate strip (Fig.  4B ). Precipitate 7 is displaced upward to merge with the horizontal precipitation line 7p, arising from the parasite antigens.
Similarly, precipitates 1i and 3i originate from precipitation lines ip (not marked) and 3p arising from the intermediate strip. Due to the low concentration of components 1 and 3, their interactions are not as obvious as for component 7. There is no crossreactivity between antigens 1-7 and any protein of normal monkey erythrocyte membranes included in the intermediate strip (Fig. 4A) . Concordantly, crossed immune electrophoresis of normal erythrocyte membranes from different monkeys against monkey anti-parasite serum yielded no immune precipitates. Also, no precipitates developed when membranes of normal erythrocytes, incubated with sera from infected monkeys, were run against monkey anti-parasite serum. This indicates that the parasite-specific components in membranes of parasitized cells are not adsorbed from the serum.
Isoelectric Focusing. Fig. 5 illustrates the protein pattern obtained after Triton X-100-solubilized proteins of the three fractions under investigation were fractionated by isoelectric focusing. The membranes from infected cells gave bands at pI 4.2, 4.3, 4.6, and 4.7. These were also found in the parasite, but not in normal membranes. The -pI 6.0 component of normal membranes is markedly reduced in membranes from infected cells, probably representing spectrin depletion.
Bidimensional Isoelectric Focusing-DodSO4C/Polyacrylamide Gel Electrophoresis. As shown in Fig. 6 A-C, this rated proteins by autoradiography. However, the "new" proteins we detect are not identical to the excreted proteins described by McColm et al. (12) , since these are also found in the parasite cytoplasm. Our immunoelectrophoretic data with monkey antischizont serum show that membranes from parasitized erythrocytes contain at least four antigens that are not detectable in schizont preparations identical to those used to produce the antiserum. Because parasites from different monkeys were used for immunization and boosting, it is unlikely these represent trace erythrocyte components. This interpretation is supported by the fact that no immune precipitates were obtained with normal erythrocyte membranes from five different monkeys. According to their electrophoretic mobilities these antigens are proteins, but we cannot exclude the possibility that they are protein-associated, parasite-synthesized glycolipids. Unfortunately no information is available as to whether P. knowlesi has the metabolic machinery for glycoconjugate synthesis.
It appears most improbable that the new host-cell membrane antigens represent fragments of normal membrane proteins. However, if the antigens are parasite products one must inquire why they are not detected in the schizont preparations used to immunize the monkey. We suggest the following working hypothesis. During intraerythrocytic maturation, P. knowlesi synthesizes potentially antigenic components. At least four of these are either exported from the parasite immediately after synthesis or their antigenic sites are blocked in the schizont. The exported proteins associate with the host-cell membrane in antigenic form. If antigenicity is masked in the schizont, unmasking would need to occur after export, either by erythrocyte or plasma enzymes.
The presence of parasite-specific antigens in host-cell membranes may be relevant to the development of antimalarial vaccines. Immunization is considered to be one of the few feasible approaches to malaria control, but the search for vaccine -Antigns has heretofore focused on proteins associated directly with malaria parasites. However, the observation that immunized animals can produce antibodies against parasiteinduced antigens located in host-cell membranes suggests a strategy directed against those antigens. Suitable antigen preparations may lead to long-term immunity that causes destruction of parasitized cells, and therewith parasites, early after infection.
